The zygapophyseal joint, a diarthrodial joint commonly referred to as the facet joint, plays a pivotal role in back pain, a condition that has been a leading cause of global disability since 1990. Along with the intervertebral disc, the facet joint supports spinal motion and aids in spinal stability. Highly susceptible to early development of osteoarthritis, the facet is responsible for a significant amount of pain in the low-back, mid-back, and neck regions. Current noninvasive treatments cannot offer long-term pain relief, while invasive treatments can relieve pain but fail to preserve joint functionality. This review presents an overview of the facet in terms of its anatomy, functional properties, problems, and current management strategies. Furthermore, this review introduces the potential for regeneration of the facet and particular engineering strategies that could be employed as a long-term treatment.
INTRODUCTION
The highly innervated, diarthrodial zygapophysial joint, or the facet joint, is located at either side of the posterior vertebral body. The facet joint's opposing bony surfaces are covered by a layer of hyaline articular cartilage, and the joint is encapsulated by the synovium and fibrous capsule. This joint can have meniscus-like structures that improve joint congruency. Facet joints work in pairs, along with the intervertebral disc (IVD), to constrain the motion of the vertebrae while aiding in the transmission of spinal loads (1) .
The facet joint is frequently dislocated or fractured due to motor vehicle-or sports-related trauma (2) (3) (4) . These events impair normal spine function, cause pain, and can potentially lead to varying degrees of degeneration within the facet joint. Whether induced by trauma or agerelated changes, facet joint degeneration, which has been implicated as a possible cause of pain, is prevalent. Facet degeneration may develop in patients as young as 15 years old (5); almost twothirds of people are affected to some degree by the time they reach the age of 30 years (6) . Severe and potentially symptomatic lumbar osteoarthritis (OA) usually affects the elderly population (7) . Not all cases of facet degeneration result in patient pain; however, advanced OA, concomitant hypertrophy of the facet, and IVD degeneration all contribute to spinal canal nerve impingement in symptomatic spinal stenosis (8) , the most common reason for lumbar surgery in the United States (9) . These pathological conditions also play a role in other back-related morbidities such as spondylolisthesis (10) and scoliosis (11) .
The facet joint is severely understudied. Consequently, the mechanism of facet joint pain and its relationship to degeneration are not fully understood and often debated; however, the facet joint is increasingly being recognized as a source of back pain. Low-back pain is common, affecting ∼59.1 million people in the United States (12) . In 2011, 28 .9% of all US adults experienced lowback pain, and 15.5% suffered from neck pain (13) . Back pain burdens both the nation's health and health care system at a total cost of $100-200 billion per year, rivaling heart disease, diabetes, and cancer as the nation's top health concerns (14, 15) . The developing recognition of the facet joint's contribution to back pain is reflected in the dramatic increase of facet joint interventions in recent years (e.g., during 2000-2011, there was an increase of 308% per 100,000 Medicare beneficiaries) (16) . Although diagnosing facet joint pain is difficult, it is estimated to be responsible for 16-40% (17-23), 34-48% (20) (21) (22) , and 39-67% (21, 22, 24) of pain felt in the low-back, mid-back, and neck regions, respectively. Thus, the facet joint is the locus of highly significant pathology.
Conservative pain-relieving facet joint treatments such as intraarticular injections, medial branch blocks, and radio-frequency denervation offer only short-term pain relief and aim to relieve symptoms rather than to treat underlying mechanisms or damaged tissues (25) . Invasive surgical options for stenosis, spondylolisthesis, and scoliosis often require removal of the facet joints to reduce pain. However, such procedures are commonly accompanied by spinal fusion, known to induce adjacent segment disease (26, 27) , as well as complete immobilization of the fused spinal segments. Thus, there is a need to develop a surgical option for pain management that does not compromise the function of the treated facet or the integrity of adjacent facets. To that end, researchers and clinicians alike are seeking new treatment modalities for this troubled joint. For instance, metallic prostheses are currently in clinical trials (28) . However, due to their inability to recapitulate healthy spine biomechanics and kinematics, prostheses and other therapies in the clinic often fall short of providing a durable, motion-preserving solution. In light of these shortcomings, tissue engineering of a biomimetic facet joint may serve as an attractive solution for motion preservation and long-term pain management since it would recreate the characteristics of a healthy spine.
This article presents an overview of the facet joint in terms of its anatomy, functional properties, problems, and current treatment and management strategies. Discussion of the diagnosis of facet joint pain, a controversial issue, can be found elsewhere (29, 30) . To provide context to a more extensively characterized joint, this review compares the facet joint with the knee. This review aims to discuss, for the first time, how tissue engineering may be a viable option for treating the facet joint.
FACET JOINT ANATOMY AND BIOMECHANICS
Together, the IVD and the facet joints, known as the three-joint complex, connect adjacent vertebrae, stabilize the spine, and facilitate articulation (31) . Primary constituents of the facet joint include the subchondral bone, articular cartilage, synovium, and fibrous capsule. These joints are densely innervated, actively supporting motor function and transmission of pain. Because the spine's biomechanics are regionally dependent, the facet orientation relative to the sagittal and transverse planes and shape of the articulating surface vary, both among and within the cervical, thoracic, and lumbar spinal regions (32) (33) (34) . Furthermore, variation in facet joint structure and number can be observed across species (35) . Altogether, these anatomical components form a joint that bears nontrivial loads when the spine experiences compression, flexion, extension, and/or torsion.
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Articular Processes
The inferior aspect of the facet joint extends from the lamina of the superior vertebral body and meets the superior aspect of the facet joint extending from the inferior vertebral body (Figure 1a) . Relative to the sagittal plane, the orientation of the articular surfaces (angle θ), for which these protrusions provide support, changes from one spinal level to the next (Figure 1b) ( Table 1) .
The largely sagittal orientation of the lumbar facet joint, in combination with the high degree of mutual convexity and concavity of the opposing joint surfaces in this region, enables a greater range of motion in terms of flexion, as well as higher resistance to axial rotation (36) . Furthermore, the smaller inclination angle (see Table 1 for definition and data) of the lumbar facets provides increased protection against forward displacement of the spinal segment. In the cervical and Figure 1 . b The inclination angle is defined as the angle between the transverse plane and the best-fit plane between the articulating surfaces of the facet. c The range presented here is a sum of the degree of flexion and extension. d Rib cages were removed from thoracic spines before range-of-motion testing. ARI  21 February 2018  10:59 thoracic regions, a less sagittal orientation of the joint, a greater inclination angle, and roughly planar articular surfaces facilitate a greater range of both axial rotation and lateral bending in comparison to the lumbar region, especially at C5 and C6 (32) . In general, the shape and orientation of the articular processes of the facet joint at each spinal level serve to modulate range of motion and effectively bear loads to maintain spinal function. Given that researchers often use large-animal models for facet joint research, it is important to note that differences exist in facet joint structure and biomechanics between humans and other species. All commonly used large-animal models are quadrupedal, leading to marked differences in facet joint size and shape (37) . Additionally, the number of facet joints changes from species to species because the sum of functional spinal units varies from species to species. These differences yield loading patterns different from those in bipedal humans, which may limit the applicability of quadrupedal animal models.
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Articular Cartilage
Articular cartilage, covering the surfaces of the inferior and superior subchondral bone protrusions, enables low-friction movement and experiences tensile, compressive, and shear loads (38) . Unlike cartilages of other joints, the cartilage of human facet joints is not well characterized. The histological, mechanical, and biochemical characteristics of lumbar facet joint cartilage of the minipig, monkey, and rabbit have recently been reported (37) . Like articular cartilage found elsewhere, facet joint cartilage is organized into superficial, middle, and deep zones. In the superficial zone, collagen fibers are oriented tangential to the joint surface, and chondrocytes appear flattened; in the middle (or transitional) zone, collagen fibers are arranged in a more isotropic fashion, and chondrocytes increase in number and roundness; in the deep zone, both the collagen and chondrocytes are oriented perpendicular to the joint surface. Facet joint cartilage's aggregate modulus is similar across species, between opposing surfaces of the joint (i.e., inferior and superior), and across lumbar spinal levels. The average values for the aggregate modulus range from 0.159 to 0.174 MPa, and the thickness ranges from 290 to 370 μm. Similarly, the glycosaminoglycan (GAG), collagen, and DNA contents of the minipig and rabbit cartilage are comparable between joint surfaces and spinal levels ranging from 2.4% to 4.2%, from 15.77% to 16.62%, and from 0.029% to 0.034% per wet weight, respectively. A separate study reported that in canine L3-L4 and L4-L5 superior facet joint cartilage, the tensile modulus and aggregate modulus are 10.08 ± 8.07 MPa and 0.55 ± 0.13 MPa, respectively (38) . Additionally, the compressive Young's modulus of ovine cervical facet joint cartilage was found to be 0.76 ± 0.35 MPa (39) , and the compressive stiffness of equine cervical facet joint cartilage was found to be ∼0.118 MPa (S.A. O'Leary, J.L. White, J.C. Hu & K.A. Athanasiou, unpublished data). Aside from animal data, a comprehensive description of normal human facet joint cartilage of the lumbar, thoracic, or cervical region has yet to be reported. Performing these characterizations in humans will aid in the selection of an appropriate animal model for facet joint research.
Synovium, Synovial Fold, and Fibrous Capsule
The synovium, synovial folds, and fibrous capsule enclose the facet joint space and play a biomechanical role. The synovium directly surrounds the facet joint, while the synovial fold-sometimes termed a meniscoid-folds into the area between the inferior and superior facet (40) . Cervical synovial folds comprise fibrous, adipose, or fibroadipose tissue. The synovium prevents synovial fluid from escaping; the synovial fold increases surface contact area, improving joint congruence. Within the cervical spine, posterior synovial folds protrude into the joint space by a median of 2.81 mm, whereas anterior synovial folds extend by a median of 3.52 mm (40) . Superposed to the synovium, the fibrous capsule is composed of ligamentous tissue and completely surrounds the joint (41) . It regulates the internal environment of the facet in terms of nutrients and immune cells. Furthermore, in conjunction with the ligamentum flavum (ligaments that connect to the lamina of adjacent vertebrae), the fibrous capsule provides mechanical stability to ensure that opposing facet surfaces remain close to one another (Figure 1b) . In the lumbar spine, the fibrous capsule tensile strength parallel and perpendicular to the axis of collagen fiber orientation is 1.90 MPa and 0.95 MPa, respectively (41) . The complex modulus of elasticity parallel to collagen fiber orientation is 1.63 MPa; perpendicular to collagen fiber orientation, the viscous and elastic secant moduli are 1.81 and 1.00 MPa, respectively (41) . Altogether, the synovium, synovial fold, and fibrous capsule preserve and augment the mechanical function of the underlying articular cartilage, and thus must be considered when addressing any aspect of the facet joint for the purposes of basic research or therapy development.
Nerve Endings
Whereas the articular cartilage of the facet joint is aneural, the subchondral bone, synovium, synovial folds, and joint capsule are innervated extensively (42) . These nerve endings, which form part of the medial branch emanating from the dorsal ramus, are involved in pain sensation and proprioception (43) . The medial branch is particularly important because it is responsible for sensory input from the midline of the spine to the facet joint line (43) . As such, many facet joint diagnostics and interventions rely on mitigating pain by blocking medial branch nervous signals (discussed in Section 4.1.1).
Role of the Facet Joint in Spine Biomechanics
Biomechanically, the facet joint, together with the IVD and spinal ligaments, bears some of the compressive load in the spine and inhibits excessive flexion, translation, and torsion that could lead to pathological conditions. In the lumbar spine, in vitro studies have shown that the facet articular surface alone bears 6-30% of axial compressive loads, depending on the mode of spinal motion (44) . The cervical and upper thoracic facet joints transmit 23% of axial compressive loads (45) . Note that loads in the cervical spine are smaller than those in the lumbar spine (Table 1 ) (44, 45) . The loading profile changes from level to level according to the curvature of the spine and the geometry of the individual facet joints, making generalizations about the biomechanics of the facet joint difficult (31) . As shown by measurements of the effects of facetectomy, the facet joint ensures that the spinal column resists joint distraction, shear forces, and lateral or anteroposterior translation and imparts sufficient torsional stiffness (31) . For example, joint distraction increased under the same tensile load following facetectomy (46) . When combined with other loading types, such as flexion, the risk of joint distraction and subsequent trauma can increase further (46) . Thus, biomechanically competent facet joints preserve normal spinal motion and mitigate potential trauma or degeneration.
Biomechanical Alterations Postdegeneration and Surgical Intervention
Facet joint biomechanics change significantly because of tissue degeneration and spinal surgical intervention. For example, degeneration of the IVD, as part of the three-joint complex, is expected to affect the facet. Similarly, degeneration of the facet joint can lead to a compromised IVD (6) . Disc degeneration has been associated with an increased range of motion in the lumbar facet joints, which could lead to increased compressive stress and promote cartilage degeneration (47) . Disc narrowing also increases axial compressive loads in the lumbar facet surface by 70%, far exceeding normal load-bearing capacity (48) . Disc replacement has been employed to treat disc degeneration; however, this procedure may also result in kinematic and biomechanical changes that could have adverse effects on the facet. The effects of a disc implant at the L5-S1 spine segment were assessed in a finite-element model of the lumbar spine. Depending on the anteroposterior location of the implant, the sum of flexion and extension range of motion can vary from 11.5
• to 15
• , demonstrating that the range of motion depends on where the surgeon places the implant (49) . Furthermore, under lateral bending on the ipsilateral side, lumbar facet joint forces as a function of cranial/caudal implant location can range from 70 to 115 N, possibly leading to disruption of articular cartilage homeostasis (49) . Another study concluded that, after cervical disc replacement, the range of motion in the associated facet joints increased from 9.6
• ± 5.1 • to 16.2
• ± 3.6
• postimplantation (50) . Interestingly, in the same study, facet contact pressures in extension or flexion did not change significantly (50) . Despite conflicting results based on experimental methods, patient population, or intervention type, degeneration and surgical intervention often lead to deviations from the biomechanics observed in a healthy, intact facet joint. Generally, in cases of advanced, extensive degeneration, all affected tissues-for instance, both the IVD and the facet joint-must be treated to restore the joint to a healthy state.
PAIN AND PATHOLOGY ASSOCIATED WITH THE FACET JOINT
Facet Joint Injury
The facet joint is a common site of traumatic injury. It is estimated to sustain damage in 70% of all subaxial cervical spine injuries (Figure 2d ) (51) . Damage to the cervical spine usually occurs because of single or combined abnormal movements (i.e., flexion, extension, rotation, lateral bending, and compression) primarily due to motor (52) or sports-related accidents (52, 53) . Trauma to the cervical spine encompasses a wide spectrum of injuries, ranging from displaced and nondisplaced fractures to subluxed, perched, locked, or dislocated facets, and can be unilateral or bilateral in nature (4, 54) . The facet capsule, ligamentum flavum, and disc are the most frequently cited areas of soft tissue disruption by these injuries (55) (56) (57) . Cervical injuries most frequently occur at levels C5-C6 and C6-C7 (2) and are more common among males (52, 58) , people 15-45 years old, and people older than 65 (52, 58) . Although the cervical levels are particularly vulnerable, the facet joint is also involved in 22.5% of all of injuries related to the thoracic and lumbar levels (59).
Facet Joint Pain
Aside from facet-related trauma, where imaging is primarily used as the diagnostic tool, the diagnosis of facetogenic pain is difficult and remains a significant source of controversy within the field (29, 30) . Currently, the use of repeated nerve blocks as a diagnostic tool is the most validated approach (60) . Use of this tool reveals that the incidence rate of facet pain in people without evidence of disc herniation, radiculitis, or sacroiliac joint arthritis is 16-40% (17, (19) (20) (21) (22) (23) 61) , 39-67% (20) (21) (22) , and 34-48% (21, 22, 24) in cases of chronic low-back pain, cervical pain, and thoracic pain, respectively. In these cases, repeated nerve blocks elicited pain relief response of at least 80%. The prevalence of lumbar facet joint pain also increases with age (62) . The facet is considered a source of back and neck pain inasmuch as pain can be removed by treating the facet joint alone.
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Facet Joint Degeneration
OA of the facet joint is a progressive degenerative disease (Figure 2a) . The development of OA usually begins with changes in articular cartilage and spreads to the synovium, capsule, subchondral bone, ligaments, and musculature, leading to failure of the entire joint (63, 64) . In advanced stages, degeneration is usually not limited to specific sites and tends to affect the entire cartilage surface (37) . There is no consensus on whether the inferior or superior surface is more disease prone. Typical radiographic features of OA include joint space narrowing from cartilage thinning, osteophytes, subchondral cysts, articular process hypertrophy, and subchondral bone sclerosis (65) . Facet OA occurs frequently. According to a cadaveric study based on the presence of osteophytes in the lumbar facets, OA (ranging from mild to severe) is a universal finding in adults older than 60 years, and severity increases with age (6) . A computed tomography (CT)-based study of people with a mean age of 67 years found severe lumbar facet OA in 54% of patients (7) . Prevalence may vary by ethnicity; a recent CT-based study of the lumbar spine of Korean patients reported a prevalence as low as ∼18% (66) . Lumbar facet degeneration is most commonly found at L4-L5 and L5-S1; however, all lumbar levels are considered susceptible (6, (66) (67) (68) (69) . OA's prevalence is strongly associated with increasing age, bone mass index (70, 71) , and a more sagittal orientation of the joint (72) (73) (74) ; whether the last of these is a result or cause of degeneration is unknown. Regarding the cervical facet joint, the severity of degeneration increases with age (75, 76) , is slightly more common in men (75, 76) , and typically manifests at C2-C3, C3-C4, and C4-C5 (75, 77, 78) . Population-based assessments of the prevalence of OA in the thoracic spine appear to be lacking.
Despite the reported prevalence of facet degeneration, the relationship between facet degeneration and back pain is unclear. It is often assumed that facet degeneration is the source of back pain; however, there is little evidence to support such a general claim. For example, in two CTbased studies performed by the same authors, facet degeneration was reported to be between 60% and 70%, but an association between degeneration and low back pain could not be established (65, 79) . By contrast, more recent CT-based studies have concluded that severe degeneration is associated with back pain in older adults and that degeneration at spinal levels L4-L5 and L5-S1 correlates with back pain among women (80, 81) . Establishing a distinct relationship between joint degeneration and pain has always been challenging, and similar inconsistencies can be found within the context of other osteoarthritic joints within the body, for example, the knee. Possible reasons for this have been attributed mainly to the lack of specificity of degeneration on current imaging techniques and the use of unreliable and underdeveloped grading scales. Although the specificity of diagnostic tools can be improved when detecting facet degeneration, it is important to note that facet degeneration should not be considered synonymous with back pain.
The Relationship Between the Facet Joint and Intervertebral Disc Degeneration
OA of the facet joint is strongly associated with degeneration of the IVD due to their intrinsically linked biomechanics. This relationship was originally described as a cascade of degenerative events initiated either by the facet joints or by the disc (82) . It is believed that facet degeneration usually follows disc degeneration, with facet overloading resulting from disc incompetence (67, 69) . However, this sequence has been challenged by studies that have found facet joint OA in the absence of disc degeneration (70, 83) . For example, one magnetic resonance imaging (MRI)-based study reported that 22% of individuals, recruited as part of the Framingham Heart Study, had facet joint OA without disc degeneration, occurring most frequently at levels L4-L5 and L5-S1 (70) . Although this study did not find an association between age and facet joint OA in the absence of disc degeneration, an earlier, cadaveric study found facet OA without disc degeneration to be common among individuals younger than 30 years (83) . Methods used in studies that examine associations between IVD degeneration and facet OA have been subject to criticism. It has been suggested that studies reporting facet joint OA only in the company of disc degeneration may contain population bias because all study participants had low-back pain and, thus, were not representative of the general population (70) . The ability of current imaging techniques to detect early OA changes in the facet joint has been questioned; such changes may be underreported (84) . A cadaveric study of facet joint OA in association with disc degeneration noted that mild OA occurred in subjects as young as 15 years old (85), suggesting higher prevalence in adults if modalities other than current imaging techniques are employed. To date, all studies assessing the relationship between disc degeneration and facet joint OA are cross-sectional in design; therefore, an assessment of a causal relationship between them is difficult despite the observation of a strong relation between the two.
Ironically, surgical treatments of degenerated discs can encourage facet OA progression. Despite the popularity of spinal fusion for treating a plethora of pathologies, this technique can induce adjacent segment disease (ASD). ASD describes degeneration of motion segments adjacent to the treated level, including the development of facet OA (27, 86) . The reported annual incidence of symptomatic ASD is the cervical and lumbar spine is 2.9% (87) and 2.5% (26), respectively, and it has a 10-year prevalence rate of 22.2% and 19.2%. Disc arthroplasty was introduced to preserve motion and to prevent ASD. However, disc prosthesis surgery accelerates the rate of facet OA at the index level (88) , and the incidence of ASD has not changed substantially (88, 89) . In this respect, there is insufficient evidence to support disc arthroplasty as being superior to fusion. Despite surgical advancements, current treatments may continue to adversely affect the facet.
Comorbidities
Degeneration of the facet joint plays a significant role in other back-related morbidities, such as degenerative spinal stenosis, spondylolisthesis, and scoliosis. Spinal stenosis usually develops later in life and is the most frequently cited reason for lumbar spine surgery in the United States and some European countries (Figure 2b) (9, (90) (91) (92) . Advancement of degenerative spinal stenosis and progression of facet joint hypertrophy with subsequent development of osteophytes can compress the spinal neural elements, leading to neurogenic intermittent claudication (8, 93, 94) . Degenerative spondylolisthesis (Figure 2c ) occurs in ∼14% of adults (95) , whereas scoliosis affects 2-32% of adults (96, 97) and 60% of the elderly population (11) . Although the involvement of facet pathology in degenerative spondylolisthesis and scoliosis is not fully understood, facet degeneration and its contribution to spinal instability are thought to be associated with these conditions (96, (98) (99) (100) (101) . Additional studies to understand facet joint structure-function relationships may further elucidate our understanding of the facet's role in these conditions.
MANAGEMENT OF BACK PAIN RELATED TO FACET JOINT PATHOLOGY
Conservative Management
When physical therapy or analgesics fail to resolve facet-related pain, additional conservative interventions are considered. Such interventions include medial branch blocks, intra-articular injections, and radio-frequency denervation. 
Medial branch blocks.
Medial branch block injections, also known as nerve blocks, are typically used to diagnose facetogenic pain (Figure 3a) . Their usefulness in the treatment of facetrelated pain has also been investigated, although their effectiveness in providing pain relief is a topic of debate (29) . Injections targeting the medial branch nerve interrupt pain signal transmission. Some studies report greater than 50% pain relief in ∼85% of patients after lumbar facet joint nerve blocks (102, 103) , whereas other studies report 50% pain relief after a single or double nerve block in 40-58% of patients (104, 105) . The duration of these interventions is temporary, as they remain effective in fewer than 10% of patients after 1 year (106). Medial branch blocks are typically indicated only for diagnostic purposes; additional data would be useful to evaluate their therapeutic effectiveness. (Figure 3a) , typically consisting of anesthetics and corticosteroids (107), have been evaluated for their potential effectiveness in mitigating facetogenic pain. The effectiveness of these injections has become a subject of controversy. Most systematic reviews and high-level randomized control trials conclude that there is no benefit in pain and functional status from intra-articular injection compared with placebo (108) (109) (110) (111) . The use of ultrasonography to accurately guide injections has recently become more popular than fluoroscopy, as ultrasonography appears to be more effective
Intra-articular injections (or facet block injections). Intra-articular facet injections
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Review in Advance first posted on March 1, 2018. (Changes may still occur before final publication.) (112) . However, any potential positive effect of these injections is considered temporary and requires multiple subsequent injections to maintain relief. Thus, currently there is not enough evidence to recommend their use for the treatment of facetogenic pain.
4.1.3.
Radio-frequency denervation of the facet joint. Radio-frequency denervation is considered the most successful treatment approach for chronic facetogenic pain (Figure 3a ) (107) . Briefly, this technique uses radio-frequency energy, delivered percutaneously, to heat and temporarily damage medial branch fibers, preventing the transmission of pain signals originating from the facet (113) . When compared with placebo, radio-frequency denervation provided improved back motion, pain relief, and functional outcomes over a 1-to 6-month period (114) (115) (116) . However, several studies found no difference in pain relief between this technique and a sham treatment. Reasons cited for studies that do not find a significant association between pain relief and radio-frequency often include the use of inconsistent criteria for patient selection as well as differences in the positioning of the electrodes (117, 118) . These results imply that the efficacy of radio-frequency denervation may be adversely affected by patient-and technique-specific factors (29) . In general, radio-frequency denervation is widely accepted as the most effective intervention for facetogenic pain; however, most reports emphasize that pain relief from this technique is temporary (29, 116, 119).
Operative Management
If conservative management fails, operative management can be considered, including facet joint excision as well as fusion and replacement systems. An increasing number of newly introduced facet interventions exist, indicating a growing appreciation for the contribution of the facet joints in back pain. Considering that many of these interventions have not been fully developed, clinical evidence is often lacking; thus, assessment of their potential benefits has to rely on biomechanical studies. However, despite the importance of biomechanical studies in research and development of new interventions, they provide a limited indication of the expected clinical performance; therefore, results should be interpreted with caution.
Facet joint excision (facetectomy).
Facet joint excision, including both partial and complete facetectomy, is usually performed when neurological symptoms are present. Nerve root impingement due to stenosis is common (Figure 3b) . but, can also occur due to trauma. Facetectomy is rarely performed for degenerative facet joints alone and is considered an important adjunct to operative management (29) . Partial facetectomy involves the excision of the medial facet portion with the lateral attachments of the ligamentum flavum. The total removal of the joint, as well as the ligamentum flavum, is considered a complete facetectomy. The main indication for this technique is persistent degenerative spine disease, associated with advanced facet joint hypertrophy and osteophytes, that does not respond to conservative treatments (108, 120) . Because facetectomy is typically combined with other techniques, it is challenging to evaluate its efficacy. One clinical study reported that following a partial facetectomy alone, at least 70% of patients no longer had pain radiating to the lower limbs (121) .
The main concern with either partial or complete facetectomy is resulting spinal instability. Using a finite-element model, a comparison between partial and complete facetectomy showed that spinal instability was associated with the extent of resection (122) . In addition, a biomechanical study found that with substantial facet resection, the main concern is resulting iatrogenic spinal instability, which can reduce failure strength by up to 50% (123) . Therefore, facetectomy is frequently accompanied by fusion techniques that restore spinal stability.
Facet joint fusion systems.
Facet joint fusion is considered advantageous because it can theoretically ensure spinal stability postfacetectomy (124) . Furthermore, it is a relatively straightforward technique with a minimal risk of complications (125) . Several facet joint fusion systems are used clinically, yet the published research detailing patient outcomes for these systems is limited. Spinal instability is the primary indication for fusion, which can be caused by facet trauma, as well as following decompression surgeries in cases of symptomatic spinal stenosis, spondylolisthesis, and so forth. Translaminar facet screws (TLFSs), placed into the facet joints via the lamina (Figure 3c) , are considered important elements to enhance fusion (126) . A cohort study of 120 patients that used the Core Outcome Measure Index (ratings of leg and back pain intensity, function, symptomspecific well-being, general quality of life, and social and work disability) to assess outcomes of TLFS fixation versus transforaminal lumbar interbody fusion found that both procedures had similar scores (3.6 versus 4.0), and 78% of patients in both groups reported a good global outcome (the operation helped or helped a lot). However, ∼18% of the patients who underwent TLFS fixation required additional surgery, mainly due to pseudoarthrosis or ASD, in a mean period of 3.4 years (127) .
Transfacet pedicle screws (TFPSs), placed through the facet joint extending into the pedicle, provide another alternative to the traditional pedicle screw fixation technique (Figure 3c) (128) . According to biomechanical studies, both techniques are reported to have comparable strength in both thoracic and lumbar spine fixation (128, 129) . The minimally invasive nature of this technique is promising, but additional long-term data are necessary to evaluate its safety and ability to achieve solid fusion (130, 131) .
Intra-facet joint implants (wedge body/spacers) inserted into the facet joint space to engage the opposing joint surfaces can provide necessary distraction for stabilization (Figure 3d ) (132) . The implants could also improve rotational stability (133) . A clinical study reported an excellent outcome for 25 out of 36 patients (134).
Facet replacement systems.
In the last decade, the increasing need for more effective management of facetogenic pain and thorough decompression without fusion-associated morbidity has led to the development of techniques akin to total knee or hip arthroplasty. Similar to the operative management techniques mentioned above, limited data have been published; thus, conclusions about the efficacy of these systems are largely based on biomechanical studies and may be premature.
The anatomic facet replacement system (AFRS) is composed of two separate implants that are fixated with pedicle screws to the vertebra and with a cross-linking component to one another. As shown with a finite-element model, the implant demonstrated kinematics similar to those of the intact facet joint (135) . No clinical studies have been reported so far (135) .
Biomechanical test results indicate the total facet arthroplasty system (TFAS) also has potential to restore facet joint motion and provide stabilization (136) (137) (138) . Fixed to the vertebral body with pegs, this device incorporates a sphere sliding along a curved plate to preserve joint movement and articulation (136) . The TFAS allows for more motion in all directions compared with a rigid fixation system (136) . Despite these promising preliminary studies, no clinical data have been reported yet.
The total posterior arthroplasty prosthesis, commonly referred to as TOPS, is a posterior dynamic fixation device that involves removal of all of the posterior elements of the spine, including
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Review in Advance first posted on March 1, 2018. (Changes may still occur before final publication.) the affected facet joints and spinous process. A biomechanical evaluation of the device found that it can restore lateral bending and axial rotation kinematics of the intact spine (139) . In a preliminary clinical report, TOPS was associated with a decrease in pain of 76% after 1 year (140). Outcomes were maintained at 7-years follow-up, as indicated by the Oswestry Disability Index of 7.8 at 7 years versus 49.1 preoperatively. However, 1 out of 10 patients experienced a device-related failure 3 months after surgery (141) . Further research is necessary to evaluate the exact role and applicability of this system in facet joint degeneration. In addition to the larger arthroplasty systems described above, a facet joint resurfacing system has also been proposed as a solution to facet joint degeneration. Limited preliminary data report improved pain and functionality at 24 months after surgery (142) . One out of eight patients (12.5%) suffered an implant dislocation that required reoperation with posterior lumbar interbody fusion, indicating that additional studies are needed to evaluate safety.
FUTURE DIRECTIONS: COULD TISSUE ENGINEERING PROVIDE A NEW TREATMENT STRATEGY FOR FACET-RELATED MORBIDITY?
Despite the facet's contribution to the economic and social burdens of back pain, no treatment can provide an effective, long-term, restorative solution for this joint. Tissue engineering, however, offers promise for treating maladies in numerous tissues. Specifically, engineering articular cartilage has long been a priority, considering its susceptibility to pathology, its innate inability to regenerate, and the failure of current treatments to produce robust neotissue (143) . Within the last two decades, investigations of various cell sources, biomaterials, and stimuli have brought the field closer to functional biologic replacements of both cartilage and underlying bone (144) . Yet, despite similar joint pathology, facet tissue engineering remains almost completely unexplored ( Table 2 ) (145) . Thus, the application of tissue-engineering principles to the facet may provide a much-needed, long-term, motion-preserving solution.
As discussed above, the facet joint is part of a highly complex system that includes an IVD, ligaments, musculature, and so forth, all of which are susceptible to both degenerative changes and trauma. Therefore, the proposal to tissue-engineer a replacement for this joint cannot currently be considered an all-encompassing solution for all facet-related issues. Instead, to begin with, one can consider facet joint trauma and spinal afflictions such as spondylolisthesis as targets for tissue engineering, as these indications would benefit from the development of a biological replacement. As described above, in these cases, facet trauma or facet degeneration and concomitant hypertrophy are key contributors to nerve impingement, necessitating the complete or partial removal of facets and/or laminae. The development of a tissue-engineered replacement can be considered for regaining spinal stability without the need for fusion. This would preserve the function of the joint as well as protect the integrity of the adjacent facets. As mentioned above, these indications are already the target of at least four facet arthroplasty systems that are currently in clinical trials. Thus, a biological replacement for the facet would provide a novel solution to an already wellrecognized and significant problem.
Such a replacement may also offer a long-term solution for facet-mediated pain in the absence or presence of disc pain. Although it is difficult to isolate the facet joint as the sole source of axial pain, use of the best diagnostic tools available has revealed that its prevalence is significant. In these cases, replacement of the facet with a biological solution may provide a longer-term treatment strategy compared with currently available treatments. In addition, considering that facet OA is currently a contraindication to disc replacement, the development of a biological facet replacement may become an adjunct to biological disc replacement. Finally, as the technology matures, a tissue-engineered solution may serve to target the facet in a broader context and may extend to the treatment of other facet-related issues. The following section discusses the criteria, strategies, and challenges associated with tissue engineering of a facet cartilage replacement, as well as a total joint replacement.
Key Criteria to Engineer Facet Cartilage
Creating a facet cartilage replacement through tissue engineering can restore joint function and treat pathology of the joint. It is increasingly recognized that developing a biomimetic replacement is integral to achieving functionality (144) . On the basis of what is known about facet cartilage, it may possess properties more amenable to functional tissue engineering than other synovial joints (e.g., the knee). Facet cartilage is thinner and has a much smaller surface ( thicker cartilage (146) . Furthermore, it may be possible to engineer an entire synovial joint surface, not merely cartilage constructs for focal defects, which would avoid well-known integration issues between native and engineered cartilage (147) . Also, the facet experiences lower compressive loads than the knee ( Table 2 ). In fact, the range of compressive stiffness values in engineered cartilage already approaches those observed in native facet cartilage of several animal models (37, 148) . In addition, a recent report demonstrates that the mechanical, biochemical, and histological properties of various animal models do not significantly differ between the opposing facet joint surfaces and the spinal levels in which they are located (37) . Such uniformity in properties avoids the need to tissue-engineer site-specific replacements and reduces the complexity of the task. Although these design aspects bode well for potentially engineering a facet cartilage replacement, further design criteria must first be established. Although data describing the human facet's anatomical and geometric characteristics exist (Table 1) , the properties of human facet articular cartilage have not been reported. The ubiquitous nature of facet joint degeneration has rendered the acquisition of healthy human spines a challenge. As such, an appropriate large-animal model for the facet has yet to arise. Not only are these properties necessary for the design of a functional facet replacement, they would also contribute to our understanding of the facet's structure-function relationships and pathophysiology. The articular cartilage of canine, porcine, leporine, primate (37) , and equine models has been extensively characterized (S.A. O'Leary, J.L. White, J.C. Hu & K.A. Athanasiou, unpublished data); thus, significant progress has been made in this area. However, deeper analysis of facet tissues in humans will be paramount for establishing design criteria toward engineering functional tissue replacements.
Cell sources for tissue-engineered facet neocartilage also need to be explored. As mentioned above, the volume of required engineered tissue is small; thus, the necessary number of initial cells may be lower. However, using an autologous source of chondrocytes from healthy facet cartilage, a strategy commonly used in the knee, may not be an option. Several confounding factors, such as small surface area and facet cartilage degeneration, limit the applicability of this strategy. Therefore, alternative cell sources that are currently being researched for replacements of other joint cartilage-including autologous chondrocytes harvested from other sites in the body, allogeneic chondrocytes, or mesenchymal stem cells (MSCs) (e.g., marrow-, synovial membrane-, or adipose-derived)-may be viable for tissue-engineering a facet cartilage replacement.
Potential Strategies to Engineer Facet Cartilage
There are numerous important considerations in engineering a biological replacement for the entire facet joint. To achieve a positive clinical outcome, tissue-engineered facet cartilage must allow for replication of tissue function as well as maintenance of long-term stability after implantation. The following is a discussion of the key aspects that should be considered when developing a strategy to tissue-engineer the facet joint.
Scaffold based.
Traditional tissue-engineering approaches often use biodegradable, polymeric scaffolds to mimic the three-dimensional (3D) structure of native cartilage (Figure 4a) . Scaffolds provide temporary mechanical support and biological cues for embedded cells to maintain phenotype and promote growth of neocartilage. Many scaffold-based approaches are currently being investigated, some of which are available clinically for treatment of the knee and other joints. For example, MSCs harvested from the iliac crest and embedded in collagen or hyaluronic acid matrices are beneficial for treatment of talus osteochondral defects (149) . Also, autologous matrix-induced chondrogenesis is considered a promising one-step cartilage repair technique that 
Figure 4
Tissue-engineering the facet joint. Potential strategies toward regeneration of (a) facet cartilage to treat chondral defects and (b) the joint to treat total joint afflictions. Strategies to tissue-engineer a cartilage replacement can be scaffold based, requiring the use of a natural, synthetic, or compound scaffold, or can be scaffold free, using cell sheet and aggregate engineering techniques or the self-assembly process. Many of these strategies may also have the potential to engineer the entire facet joint surface. One such strategy, the self-assembly process, generates neotissue without a scaffold and without external energy input, thus mimicking developmental events. Shape specificity is also achievable using this method. Shape-specific self-assembled cartilage integrated with 3D-printed bone could represent the first biologic total joint replacement, which would be an important step in advancing the field of tissue engineering. Abbreviation: CAD, computer-aided design.
combines microfracture with the implantation of an acellular biomaterial (150) . In addition to these, scaffolds made of polylactides and/or polyglycolides result in tissue with similar histomorphology to native cartilage (151, 152) . While these scaffold-based methods appear promising, their durability warrants further investigation to assess long-term success.
Scaffold free.
A promising, emerging paradigm that may potentially be applied to facet cartilage is scaffold-free tissue engineering (Figure 4a) . Scaffold-free strategies aim to produce tissues by mimicking developmental processes while also reducing the risk of scaffold degradation toxicity, stress shielding, and cell-signaling hindrance. RevaFlex, which consists of an expanded sheet of juvenile allogeneic chondrocytes, is in clinical trials for use in cartilage repair in the knee, and preliminary results have been positive (153) . Similarly, Chondrosphere, a product that is also targeted for the knee, uses only autologous cell aggregates and is also in clinical trials. At a 1-year follow up, all assessment scores were significantly increased (154) . An approach known as the selfassembling process yields neocartilage that, when treated with biochemical and biomechanical stimuli, has compressive and tensile properties approaching those of native knee cartilage (148, 155) . Given that functional properties of self-assembled cartilage are similar to those of animal facet cartilage (148, 155, 156) , this method may have the capacity to regenerate human facet cartilage. Furthermore, self-assembly allows for control over tissue shape, potentially leading to replication of the complex curvature of the facet's articular surface (157) . Although these scaffoldfree strategies are promising, long-term clinical trials need to be performed to assess their efficacy.
Key Criteria for an Engineered Total Facet Joint
A challenge for tissue-engineered facet cartilage may involve difficulty accessing the joint. Due to the facet's anatomical positioning, small size, and high congruence, distracting and/or disarticulating the joint using current surgical equipment is challenging. This problem is exacerbated by the facet's tendency toward hypertrophy, often resulting in excessive bony overgrowth. Therefore, surgical instruments and techniques need to be developed in parallel to match the needs of this treatment strategy. Encouragingly, total facet joint arthroplasty systems and associated surgical techniques have already been developed and are currently in clinical trials. Therefore, these techniques could be adopted and refined to implant a biological facet replacement. Interestingly, a replacement of the entire facet (opposing articular surfaces and underlying bone) may obviate the issues associated with accessing the articular surface while addressing the overarching problem of joint degeneration. Of course, the degree to which the facet is degenerated and the quality of the remaining bone for the purposes of attachment would have to be assessed on a patient-specific basis. Indeed, due to the facet's favorable design (discussed above), it could be a suitable candidate for the first total biologic joint replacement. To successfully engineer a total facet replacement, the implant must fully function upon implantation, conform to the facet shape, and be fixed securely. Current chondral and osteochondral engineering strategies rely on the surrounding native tissue for structural support, fixation, cells, and bioactive factors. Therefore, a design for a readily implantable total biologic joint necessitates engineering and maturation of both cartilage and bone layers within a single integrated structure in vitro. Like cartilage regeneration strategies, both layers need to mimic properties of their respective native structures. Furthermore, implant fabrication processes need to be capable of replicating facet geometry, which is known to be level and patient specific (158) . Other considerations, such as implant fixation and development of appropriate surgical techniques, would need to be addressed. However, current osteochondral engineering strategies developed primarily for repairing focal defects in the knee, in particular those involving 3D printing, may hold translational potential for entire facet joint regeneration.
Envisioning an Engineered Total Facet Joint
A potential approach to engineering a total biologic joint prosthesis may involve an in vitro, self-assembled, shape-specific cartilage construct integrated with a 3D-printed shape-specific, underlying bone-like substrate (Figure 4b) . As discussed above, native cartilage properties have been achieved in vitro via self-assembly in concert with various stimuli; thus, the self-assembling process can be considered a promising option for the creation of a biomimetic cartilage replacement (148, 155) . Typically, engineering bony tissue requires the use of a scaffold. Unlike conventional scaffold fabrication methods, 3D printing can precisely control external geometry as well as internal pore size, porosity, and spatial distribution to meet design needs (159) . Ceramics, known for their excellent bioactivity, osteoconductivity, and compositional similarity to bone, have successfully been 3D printed and shown to support bone formation (160) . Thus, integration of self-assembled cartilage with 3D-printed ceramic scaffolds may be an attractive design for a total biologic joint prosthesis. Furthermore, precise control of both the internal bone architecture and the external implant shape may enhance integration between cartilage and bone, as well as enable the design of a fixation method. Although many current tissue-engineering strategies would need refinement to account for facet-specific design criteria and tissues such as the fibrous capsule, tissue engineering may provide a durable, motion-preserving treatment modality for this troubled joint.
CONCLUSION
In a healthy state, facet joints facilitate and guide spinal motion, ensuring proper kinematics at each level. However, since facets are the locus of highly significant pathology, pain, and disability, new management strategies continue to be explored. Unfortunately, a durable, motion-preserving solution still has not been identified. While continued characterization of facet structure-function relationships and refinement of tissue-engineering techniques are necessary, a biologic facet joint replacement may one day emerge as an all-inclusive treatment for local facetogenic trauma and degeneration and may help solve more pervasive issues within the spine.
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